Transposable elements (TEs) play major roles in the evolution of genome structure and function. 26
In many genomes, SINEs are the most prevalent TE component by genome proportion. As is 167 apparent in Figure 2 and Supplemental Figure 6 this is also the case for several heliconiines. The Metulj 168 family make the most significant recent contributions in clades other than melpomene and sylvaniform. 169
ZenoSINEs are present only in those same clades. H. doris is an exception, with nearly as much 170 accumulation from ZenoSINEs as from Metulj. Indeed, the distribution of ZenoSINEs is a puzzle. In 171 addition to their presence in H. doris, and to a lesser extent H. burneyi, they are found primarily in E. tales 172 and members of the erato and sara clades. ZenoSINEs are essentially absent from members of the 173 melpomene and sylvaniform clades (Table 1) . We examined the raw RepeatMasker output from each 174 genome for the presence of any ZenoSINE elements greater than 100 bp in length. Counts ranged from 5-175 21 in the melpomene and sylvaniform clades. Sixty-two were found in A. vanillae, and only 12 were 176 identifiable in Dryas iulia. Examination of the extracted hits on a clade by clade basis reveals that relatively 177 few are likely to be genuine ZenoSINE elements. All of the hits from A. vanillae and members of the 178 melpomene and sylvaniform clades were about half the size of the average ZenoSINE consensus, truncated 179 at the 5' end. For hits in the D. iulia genome, the hits were also short but the truncation occurred at the 3' 180 end. We suggest that the vast majority, if not all, such low-copy-number hits in Table 2 follow are similarly 181 false positives. 182
Besides ZenoSINEs, four additional new families were identified. Two of these, Flambeau, and 183
Julian SINEs are restricted to D. iulia. Brushfoot is also restricted to D. iulia within heliconiines but has 184 some resemblance to a possible cousin in the genome of the pierid butterfly, Leptidea sinapsis. Fritillar 185
SINEs are restricted to the A. vanillae genome. With the exception of Julian, all are present at relatively 186 low numbers (Table 1) . Further, our analysis of the rates of evolution of new TE lineages suggests that the 187 erato-sara common ancestor, H. doris, and the outgroups were hotbeds of new SINE subfamily emergence Previous efforts by Lavoie et al. (2013) were unsuccessful in determining the LINE partner for Metulj, but 193 based on our more complete analysis of the TE content of all 19 genomes, we now suspect that it is 194 mobilized by an RTE family LINE (Supplemental Figure 7A ). ZenoSINE, Fritillar, and Flambeau show 195 similarity between their tails and the tail of LINEs from the Zenon family (Supplemental Figure 7B) , 196 suggesting a similar relationship. Flambeau exhibits 3' similarity with R1 LINEs (data not shown). 197
The SINE tail may influence the success of the SINE in hijacking the LINE enzymatic machinery 198 at the ribosome (Dewannieux and Heidmann 2005) . Our investigations into the evolution of the 3' tail 199 revealed informative patterns (Supplemental Figure 8) . In most Heliconius, young Metulj show a distinct 200 bias toward A and T over G and C and A:T ratios are biased slightly toward T in young insertions, a signal 201 not observed in older elements. The A prevelance over C and G is slightly higher in members of the erato 202 and sara clades and distinctly higher in D. iulia, A. vanillae, and H. doris. 203
Because of the apparent partnership that has evolved between these SINEs and their partner LINEs, 204 one might expect similar recent accumulation profiles. However, no relationship between the accumulation 205 patterns is easily resolvable (Figure 4 ). Indeed, while there does appear to be some mirroring in H. doris, 206 H. burneyi, and possibly in the erato and sara clades, the accumulation patterns observed in melpomene and 207 sylvaniform are essentially opposite. A similar lack of correspondence in landscapes is apparent for 208
ZenoSINE and Zenon LINEs. Examining correllations between recently accumulated SINEs and LINEs 209
also reveals no discernable pattern (Supplemental Figure 9 ). While the expected high correspondence 210
between ZenoSINE and Zenon LINEs is observed, so are high correlations with Dong and RTE-BovB. 211
Further, the expected correlation between RTE-type LINEs and Metulj is not observed. 212
SINE Birth and Death: 213
Four of the novel SINEs likely originated recently within the Heliconiini. A BLAST search of all 214 taxa excluding Heliconius in the NCBI WGS database using ZenoSINE consensus sequences yields only 215 severely truncated and low similarity hits in the genomes of other lineages. Analysis of Fritillar suggested 216 that it is restricted to A. vanillae, strongly suggesting that it originated in that lineage. The BLAST search 217 produced 12 high similarity, partial hits to the fellow nymphalid butterfly Vanessa tameamea (the 218 Kamehameha butterfly, GCA_002938995.1). The hits are limited to the 5' (likely tRNA-derived) half of 219
Metulj are present in all species examined, suggesting that their origin is more ancient but at least 225 prior to the diversification of the Heliconiini. A BLAST search of the NCBI WGS database yields hits only 226 in heliconiine genomes thus far deposited with NCBI. Similar results are obtained by a broader search of 227 all insect nucleotides in the database. Thus, while a specific point of origin cannot be identified, we suggest 228 that Metulj originated with the clade or shortly thereafter. The lack of any substantial recent accumulation 229 in members of the melpomene and sylvaniform clades ( Figure 3 ) strongly suggest that Metulj is dead or 230 dying in those lineages. 231 TE origination rates: 232 Table 2 details the rates at which various branches in the phylogeny gained novel TEs. In agreement 233 with much of the data presented above, the erato and sara clades along with H. doris and the three outgroups 234 have been home to intensive SINE diversification while the melpomene and sylvaniform clades have played 235 host to origination events for most other categories. The highest rates of TE origination appear to center on 236 the ancestors of each of the two major subclades and in H. doris. 237
Using this information, we determined amounts of lineage-specific TE-derived DNA contributions 238 along selected branches of the tree (Supplemental File 1). Substantial contributions to genome diversity 239 were observed. For example, at least 15% (~85 Mb) of the D. iulia genome is uniquely TE-derived when 240 compared to any other species analyzed with most of that content (~11%, ~62 Mb) derived from lineage-241 specific SINEs. Around 5.5% (22 Mb) of the H. doris genome is unique to that lineage. Clade-specific TE 242 contributions to the erato-sara and melpomene-sylvaniform clades are similar, averaging 5.9% (~24 Mb) 243 and 6.9% (~23 Mb), respectively. Not surprisingly given the observations above, those contributions are 244 quite distinct, with SINEs making up the majority of novel DNA (~15 Mb) in the erato-sara clade and DNA 245 transposons comprising the majority (~18 Mb) in members of melpomene and sylvaniform. 246
Genome size correlations: 247
Recently, Talla et al. (2017) found that genome size in wood-white butterflies (Leptidea) correlated 248 strongly with TE accumulation. To determine if the same phenomenon was observable in heliconiines, we 249 found no significant correlation (p=0.11). However, we did find a marginally significant correlation of 251 genome size with TE count (p=0.0165). We repeated the analysis accounting for phylogenetic relatedness 252 using the pic function in the R package ape v5.1 using a tree generated from concatenated, non-coding, Because these species diverged very recently, we hypothesized that recent insertions may be more 257 relevant for differences in genome size. However, this was not consistent with the data. When only 258 considering TE insertions with divergence values less than 0.05, we found no association of genome size 259 with either TE length (p=0.0891) or TE count (p=0.482). 260
To determine if any one element could be influencing genome size evolution, we next classified 261 each insertion based on both class and family and analyzed each independently. For the full data (recent 262 and old elements), after correcting for multiple comparisons, only I.Nimb elements were significantly 263 associated with genome size (I.Nimb length p=5.17e -5 , I.Nimb count p= 8.76e -5 ). However, I.Nimb 264 elements make up only a small fraction of the genome, and the pattern appears to be driven by two outliers, 265 H. telesiphe and E. tales (Supplemental Figure 10 ). For the recent elements, again a single element, 266
Penelope, is associated with genome size (Supplemental Figure 11 ), but here the association is with count 267 alone, and again it appears to be driven by the high density of Penelope in H. telesiphe (Penelope length 268 p=.059, Penelope count p=1.1e -4 ). These observations suggest that there are substantial differences in the ways that each species deals 289 with genomic stress caused by TE mobilization and that TE defense strategies diverge rapidly in each 290 lineage. This is consistent with the model of piRNA clusters acting as TE 'traps' in which, upon an 291 element's insertion into a cluster, a piRNA-based defense against that element is mounted (Lu and Clark 292 2010). As Heliconius butterflies diversified, different TEs would be expected to have fallen into piRNA 293 traps evolving in each lineage, leading to different levels of response. This would yield clade-specific 294 patterns similar to those observed here. With the detailed descriptions we have provided, this is a hypothesis 295 that could eventually be tested. The reason for the death of Metulj in the latter clades is unclear, as is the cause of the resurgence 316 in other species. Why any SINE goes extinct is unknown and could be influenced by multiple factors 317
including genomic defenses, the partner LINE, mutations in the SINEs themselves, and population genetic new subfamilies that are unique to this clade suggests a simple cessation of retrotransposition. If we are correct in our conclusion that RTE LINEs are responsible for Metulj mobilization, some clues may be found 321 by examining those elements. One potential explanation is to view the SINE-LINE relationship not as a 322 partnership but as a competition for the enzymatic machinery produced by LINEs. If the SINEs are 323 particularly effective at hijacking that machinery, it may be possible for them to suppress LINE 324 mobilization to some extent, even to the eventual demise of the LINE partner, as was recently hypothesized 325 in sigmodontine rodents (Yang et al. pers. comm.). Our analysis of Metulj tails suggests that the ancestral 326 tail of Metulj SINEs was A-rich and that a switch toward tails containing more T residues may be involved 327 in the success of this SINE in the erato and sara clades. This hypothesis does not, however, hold true for D. 328 iulia, A. vanillae, or H. doris, which have all experienced high rates of recent Metulj accumulation but 329 exhibit a bias toward A nucleotides in their tails. These results suggest that the reasons for the differential 330 success in heliconiine genomes may be many, and complex. 331
Not surprisingly, the outgroup species, with their deeper divergences, exhibit their own unique 332 patterns. D. iulia, with the highest proportion of Metulj in its genome, experienced a recent surge in 333 accumulation that outpaced any other heliconiine examined. E. tales mirrors the erato and sara clades while 334
A. vanillae appears to have experienced a gradual increase in accumulation very recently. 335
Previous analyses (Lavoie, et al. 2013 ) suggested that larger TEs were removed via non-336 homologous recombination. This hypothesis is not refuted by our data. Examination of the TE landscape 337 plots described above suggests that, unlike the pattern observed in mammalian genomes, where TEs remain 338 as molecular fossils over large swaths of evolutionary time (Lander, et al. 2001; Waterston, et al. 2002) , 339
there is substantial turnover of TEs in these butterfly genomes. For example, when examining the temporal 340 accumulation landscapes of Metulj, a SINE that averages well under 300 bp, we can readily see evidence 341 of ancient accumulation (Figure 4 ). The LINE TE classes exhibit much less clear signatures: we rarely see 342 ancient peaks in accumulation plots (Supplemental Figure 12 ). This suggests that these genomes can rapidly 343 diverge over evolutionary time once reproductive isolation is acquired, with distinct lineages retaining little 344 ancient TE-derived homology from larger elements across their genomes. 345
Assuming the phylogeny proposed by Kozak et al. (2015) and Edelman (submitted), the distribution 346
of ZenoSINE elements is difficult to explain. The family is present at substantial numbers in E. tales, all 347 members of the erato and sara clades, H. doris, and H. burneyi. Such a distribution could be explained by 348 three scenarios. First is an ancient origin for the family in the common ancestor of the monophyletic group 349 that includes E. tales and all members of Heliconius followed by not just a loss of activity in the melpomene 350
and silvaniform clades but also by the removal of any previously existing insertions. The lack of any Finally, it is possible that ZenoSINE evolved in only one of these lineages and this was followed scenario would be that this SINE evolved in the common ancestor of the erato and sara clades and managed 355 to move to the other species in which it is found. Given the high tendency toward hybridization in the Rates of TE origination in Heliconiini follow some expected patterns. D. iulia, with the longest 360 branch on the tree has the highest fraction of branch-specific TEs ( Table 2 ). This would be expected given 361 a relatively constant rate of TE origination and the ancient divergence that it represents. However, 362 examination of Heliconius suggests that TE origination rates are not uniform along the tree. Instead, there 363 is a burst of TE evolution during the early stages of Heliconius diversification, in particular on the branch 364 leading to the melpomene and silvaniform subclades, which spans a period ranging from ~7 -3 mya. This Drosophila reproductive isolation (Petrov, et al. 1995) . 373
TEs have been shown to respond to environmental stressors, thereby leading to substantial genomic 374 instability (Rey, et al. 2016) . Such instability has the potential, in turn, to provide novel genotypes and 375 phenotypes upon which selection can act, either through direct changes to coding regions (Clark, et al. 376 2006) Regardless, the observations presented here make it clear that differential TE activity and 383 accumulation can act as a driver of rapid genomic divergence. Similar analyses of multiple taxa have been However, those analyses examined much deeper divergences than the ones examined here. Thus, one might 387 expect to observe more drastic changes because of the longer evolutionary time spans. In examining much 388 more closely related lineages, we demonstrate that even over relatively short periods, the TE landscapes in 389 members of a single genus can diverge rapidly due to differential TE dynamics. Lineages whose common 390 ancestor harbored a single complement of TEs now play host to very distinctive complements of recently 391
active TEs with patterns that resemble genomic fingerprints. Even in the case of LTR accumulation, where 392 no significant difference exists with regard to overall accumulation amounts, the identities of the elements 393 that have accumulated are quite distinct. Such distinctions are true of all classes. This is exemplified by our 394 observation that on average ~23 Mb (5.3-9.2%, depending on genome size) of the genomes of the 395 melpomene and sylvaniforms subclades harbor TE-derived DNA that would not be found in members of 396 erato and sara. In D. iulia, a full 15% (85.2 Mb) of the genome is uniquely TE-derived in that lineage when 397 compared to any other species we examined. The data make it clear that novel TE families, such as 398 ZenoSINE and Julian, can arise and replicate rapidly to occupy substantial genome fractions in isolated 399 lineages. Furthermore, because these genomes tend to actively remove longer TEs, the ancestral fractions 400 of each genome will change rapidly as different portions are removed in each lineage. These results also suggest powerful ways to move forward in understanding the forces that act to 406 regulate TE activity. Here, we provide what amounts to a 'natural history' of TEs content in the genomes 407 of 19 relatively closely related species. Researchers interested in how small RNAs and their protein partners 408 act to suppress the damage of TEs now have a detailed starting point from which to begin detailed studies. 409
Materials and Methods 410
TE discovery and Classification: 411 distance from their respective consensus sequence and selected only insertions that were likely to be recent. 420 K2P distance cutoff values were determined using information from the phylogeny of Kozak et al. (2015) . 421
For example, several subgroups are evident from the phylogeny in Figure 1 . Three species form a relatively 422 deeply diverged set of outgroup taxa, A. vanillae, D. iulia, and E. tales. Because of the longer branch 423 lengths, these species are likely to harbor older but still lineage-specific insertions compared to species in 424 the more recently diversified clades. We therefore examined any insertions with divergences <0.2 in the 425 outgroups. Similarly, we used reduced cutoffs for members of the other three groups (i.e. divergences <0.1 426 for members of the doris and wallacei clades and <0.05 for members of the erato, sara, melpomene, and 427 sylvaniform clades). 428
Manual validation of putative repeats discovered by RepeatModeler was performed as described in 429 (Altschul, et al. 1990 ). Repeats with 431 fewer than ten hits were discarded from downstream analyses. For all remaining queries, the top hits (up to 432 40) were extracted with at least 500 bases of flanking sequence and aligned with the query using MUSCLE 433 v3.8.1551 (Edgar 2004) . Majority rule consensus sequences were generated in BioEdit v7.2.5 (Hall 1999) 434 and manually edited to confirm gaps and ambiguous bases. 5' and 3' ends were examined for single copy 435 DNA, indicating element boundaries. If no single copy DNA was identifiable, the new consensus was 436 subjected to new iterations until boundaries were detected. After each round, new consensus sequences 437 were subjected to a consolidation check using cd-hit-est (Li and Godzik 2006) to identify consensus 438 sequences that could be combined. Criteria for collapsing two or more consensus sequences were 90% 439 identity over at least 90% of their total length. 440
Broad categories of TE (i.e. DNA transposons, rolling circle transposons (RC), LINEs, SINEs, LTR 441 elements, and unknown) were determined using a combination of BLAST searches of the NCBI database 442 and CENSOR searches of Repbase (Jurka, et al. 2005; Kohany, et al. 2006 ). We also used structural criteria 443 as follows: for DNA transposons, only elements with visible terminal inverted repeats were retained. For 444 rolling circle transposons we required elements to have an identifiable ACTAG at one end. Putative novel 445
SINEs were inspected for a repetitive tail and A and B boxes. LTR retrotransposons were required to have 446 recognizable hallmarks such as TG, TGT or TGTT at their 5' and the inverse at the 3' ends. Because of the 447 complexity of SINE evolution, putative SINEs were analyzed uniquely as described below. While 448 sequences in the unknown category could be transposable elements, they formed only a very small fraction 449 of the total putative TE sequence, and they could also represent segmental duplications or other non-TE
SINEs: 454
SINE evolution is complex and identifying subfamily structure is a difficult problem, primarily due 455 to the high number of insertions typical of a genome. Initial analysis suggested three SINE families in these 456 genomes. The first is the previously described Metulj family. The second is a novel family that appears to 457 be derived from the fusion of Zenon LINE 3' tails with a 5' head of unknown origin, which we call 458 ZenoSINE. A small subfamily distinct from the main ZenoSINE family was identified in and restricted to 459 the A. vanillae genome A. vanillae is commonly known as the Gulf Fritillary. Thus, we dubbed this 460 subfamily 'Fritillar'. Finally, a third family that is derived from R1 elements is restricted to D. iulia. One 461 common moniker for this species is 'flambeau' and we suggest the same name, Flambeau, for this family 462 of SINEs. 463
Metulj SINEs were far more numerous and widespread than their ZenoSINE cousins (discussed 464 below), and therefore represented a more difficult analytical problem. A recently developed network-based 465 method for subfamily (aka community) detection was used to identify Metulj subfamilies (Levy, et al. 466 2017) . Briefly, similarity networks were constructed by pairwise-aligning Metulj elements >240 467 nucleotides long (n = 498,141) from all 19 butterfly genomes using BLAST. Further preprocessing was 468 performed to prevent possible biases caused by sequence length and shared poly(A/T) tails that may 469 confound community detection. For this step, previously identified Metulj consensus sequences were 470 aligned using MUSCLE and 5' and 3' overhangs were manually trimmed using Bioedit. Genomic Metulj 471 sequences were aligned to these trimmed consensus sequences using BLAST+ to identify corresponding 472 regions (parameters: -strand plus -max_target_seqs 3 -num_threads 20 -word_size 4 -evalue 1e-2 -dust no 473 -soft_masking false). Minimum start and maximum end positions define the region for further analysis per 474 sequence and were length-filtered for >=235 nucleotides. The 420,689 sequences retained were analyzed 475 for subfamily detection: the sequences were pairwise aligned using BLAST (version 2.7.1+; blastn 476 command was used with non-default parameters: -strand plus -dust no -max_target_seqs 50 -word_size 8 477 -soft_masking false). Bornholdt community detection (Reichardt and Bornholdt 2006) was applied using 478 gamma=59. Consensus sequences were computed using MUSCLE with 30 randomly selected sequences 479 per community (with max of 2 iterations). To further refine subfamily definitions, communities with 480 identical consensus sequences were merged (such pairs were identified using BLAST requiring 100% 481 identity and 95% query coverage). Consensus sequences were computed per subfamily and were used to 482 refine the subfamily annotation, resulting in a final set of 2,493 subfamilies (Supplemental File 2). This set 483 was further grouped into 147 clusters to simplify downstream analyses using cd-hit-est. Clustering criterion by non-homologous recombination. As a result, we focused on the LINE open reading frame to increase 488 the potential for comparable data. A special effort was made to identify full-or near full-length open reading 489 frames (ORFs) for each clade. First, we identified all known LINE elements from the H. melpomene 490 genome in RepBase. These were combined with any LINEs identified in our de novo analysis after 491 removing possible duplicates. All remaining elements were filtered, retaining any with intact ORFs of at 492 least 2kb, starting with methionine, and with clearly identifiable start and stop codons using 'getorf' from 493 the EMBOSS package (Rice, et al. 2000) . 494
To identify subfamily structure of LINEs, phylogenetic analysis of these ORFs was accomplished 495 by masking each genome with the resulting library and retaining any hits of 1.5kb or longer. Generally, 496 extracted hits were aligned using MUSCLE and subjected to a neighbor-joining (NJ) analysis (described 497 below). However, large numbers of hits impeded efficient alignment in some cases due to memory 498 limitations. To work around this problem, we reduced the number of hits by randomly selecting smaller 499 numbers of sequences from the pool and re-aligning until successful. In some of these cases, there was a 500 lack of overlapping sites that impeded the NJ analysis. In these cases, we extended our filter to include hits 501 that were at least 2kb, producing the needed overlapping regions. 502
Each set of aligned ORFs was subjected to NJ analysis to identify any apparent structure. NJ 503 analyses were accomplished based on the maximum composite likelihood parameters in MEGA7 (Kumar, extracts was aligned to representative consensus sequences. This was repeated ten times for each taxon. 540
The 3' ends of each alignment were degapped starting where the tail begins and the ratios of each pair of 541 nucleotides was identified and plotted after log-transformation. This was conducted separately for 'old' and 542 'young' SINEs. 543
To determine if either Metulj or ZenoSINE accumulation patterns were correlated with any LINE 544 elements, Pearson correlation coefficients based on proportion of each genome occupied were visualized 545 using the "corrplot" package in R and RStudio v1.0.143. 546
TE origination rates: 547
To estimate approximate rates that lineages evolved new TE lineages, we calculated the number of 548 branch-specific TEs using RepeatMasker output. A TE was scored as 'present' (score = 1) in a genome if 549 at least 5000 bp of sequence attributable to that TE was identifiable in the genomes of terminal branches. allowed 'possible presence' scores of 0.5 if base counts fell between the two values. Subclade 'presence' 552 sum threshold scores were subclade specific based on the number of species examined. For example, the 553 erato subclade, with four members, had a presence sum threshold of 3.5. Branch times were obtained using 554 the median scores for each node calculated using TimeTree (Kumar, et al. 2017 ). Rates of TE origination 555 were calculated by dividing the number of branch-specific insertions by the time that the branch likely 556 existed. 557
We estimated lineage-specific DNA contributions to selected branches of the tree by identifying 558 DNA that was deposited by novel TEs that evolved on those branches. We then calculated both the genome 559 proportions occupied by those elements and the total bp. For example, we summed the total contributions 560 made by each of the 118 novel TEs identified in the D. iulia genome (Table 2) . Similarly, we summed total 561 the total bp deposited by each novel TE identified on the erato-sara common branch in each member of 562 those clades and calculated the mean (Supplemental File 1). 563
Genome size correlations: 564
Using the annotations generated, we compiled summary statistics of transposable element content 565 in each heliconiine genome, in terms of TE bases per base pair (TE length) and number of insertions per 566 base pair (TE count). We obtained genome size estimates from Edelman et al. (submitted). Because the 567 absolute values of these measures are several orders of magnitude apart, we Z-transformed each category 568 by subtracting the mean and dividing by the standard deviation. 569
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